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Measurability of φ, ω and ρ mesons via di-electron decays in high-temperature states
produced in heavy-ion collisions
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1Graduate School of Science, Hiroshima University,
Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan
We discuss measurability of φ, ω and ρ mesons via di-electron decays in high-temperature states
produced in heavy-ion collisions, equivalently at different pion multiplicities per heavy-ion collision
dNpi0+pi±/dy = 1000 and 2700 intended for the most central Au+Au collisions at
√
sNN = 200
GeV (RHIC) and the most central Pb+Pb collisions at
√
sNN = 5.5 TeV (LHC), by evaluating
the signal-to-background ratios and the statistical significance for the idealized detection system in
the numerical simulation. The simulation study provides a guideline to be applicable to a concrete
detector design by focusing on only the key experimental issues relevant to the measurement of
di-electrons. The results suggest that there are realizable parameter ranges to measure light vector
mesons via di-electrons with the reasonable significance level, even in the highest multiplicity case.
I. INTRODUCTION
High energy heavy-ion collisions provide a unique op-
portunity to liberate quarks and gluons from nucleons
and cause the phase transition from nuclear to quark-
gluon matter. Heavy-ion collisions have advantage of
studying the QCD phase diagram especially in high-
temperature and low-baryon density domains [1–5].
The mass modification [6–10] of light vector mesons
such as φ, ω and ρ is an important signature of the
QCD phase transition, because their masses are sensi-
tive to chiral condensate 〈qq¯〉. Chiral condensate is one
of the most prominent order parameters characterizing
the QCD phase structure. The behavior of the chiral
condensates near the critical temperature is studied by
several kinds of lattice QCD calculations [11–17]. The
light vector mesons can be candles to study the proper-
ties of quark-gluon matter produced in heavy-ion colli-
sions. The mass modification inside quark-gluon matter
is potentially visible because their lifetimes are supposed
to be comparable to duration of the thermal equilibrium
state, unless the interactions with hadronic matter in
the later stage dominate. In addition, electron-positron
pairs, which are referred to as ”di-electrons”, decaying
from light vector mesons are considered to be a clear
probe, since charged leptons carry the original informa-
tion in the early stage without perturbation by hadronic
matter via strong coupling in the relatively later stage of
the system evolution.
In low-temperature and high-baryon density domains,
the symptoms of the mass modification are intensively
discussed [18–21]. In high-temperature and low-baryon
density domains, the enhancement of the di-electron yield
is observed in the mass range below 0.7 GeV/c2 in central
Au+Au collisions at
√
sNN = 200 GeV [1, 22], and it in-
dicates a deviation from the di-electron spectrum in p+p
collisions [1, 22–24]. Therefore, quantitative studies of
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the mass spectra including the light vector mesons grow
in importance to understand the phenomena in the high
temperature domain. Furthermore, the measurement of
the light vector mesons in higher-temperature states, at
the LHC energy, would give a deeper insight into these
phenomena.
The detection of di-electrons is, however, challenging
from the experimental point of view, because a heavy-
ion collision event produces a huge number of particles.
The experiments at RHIC and LHC energies report that
O(100-1000) particles are produced at midrapidity in a
heavy-ion collision [25–27]. The produced particles are
dominated by π± and π0 mesons. The production cross
sections of pions are approximately hundred times larger
than that of φ meson, and ten times larger than that of
ω/ρ meson [81]. In addition, the branching ratio (BR) to
a di-electron pair is on the order of 10−4 for φ meson and
10−5 for ω/ρ meson. Therefore, the measurement of the
signal di-electrons requires state-of-the-art technology to
identify electrons and positrons among a large amount of
background hadrons by combining information from Ring
Imaging Cherenkov counters [28], dE/dx [29, 30], Time
of Flight [31], most notably, the Hadron-Blind Detector
[32] and so forth.
In addition to the small yield of di-electrons from the
light vector mesons, the difficulty of the measurement is
severely caused by background contaminations from pro-
cesses other than the light vector meson decays. Domi-
nant sources of such backgrounds are listed as follows,
1. Dalitz decays π0 → γe+e− and η → γe+e−,
2. pair creations by decay photons from π0 and η me-
son,
3. semi-leptonic decays from hadrons,
4. charged hadron contaminations by electron
misidentification.
The key issues are in the increase of combinatorial pairs
from different sources. The amount of these pairs has
approximately quadratic dependence on multiplicity be-
cause combination between all possible electrons and
2positrons must be taken, while the number of true di-
electron pairs from the light vector mesons approximately
linearly scales with multiplicity [82].
Detector upgrades are planned in several experiments
at RHIC and LHC. For instance, the ALICE experiment
at LHC plans to upgrade the internal tracking system
with the relatively low detector materials and enhance
low-pT tracking capability [33]. These upgrades are ex-
pected to suppress the backgrounds from the photon-
conversion and Dalitz decay processes, and improve the
Time-of-Flight measurement for the hadron identifica-
tion. Moreover, the tracking system will improve the sec-
ondary vertex resolution. It allows to separate the back-
grounds from the semi-leptonic decay of open charms.
The key issues from (1) to (4) above are actually rele-
vant to the items of the upgrade plan.
The measurement of light vector mesons is still im-
portant but challenging. The detector system applied
to high-energy heavy ion collisions is, in general, multi-
purpose. Thus it is not necessarily optimized only for
the measurement of light vector mesons. In this sit-
uation, unless the key issues above are simultaneously
considered in advance of the other irrelevant design is-
sues, for instance, only installing a state-of-the-art par-
ticle identifier might not be sufficient. In order to prove
the performance of an upgraded detector system, a very
detailed detector simulation is required. It is usually a
time-consuming process to conclude whether a reason-
able signal-to-background ratio is guaranteed with the
upgraded complex detector system or not. Thus the ap-
plicability of such a detailed simulation is rather limited
to a specific detector system. If one knows the key issues,
however, considering only these issues in the idealized
case would provide a more general guideline applicable
to any complex detector system.
In this paper, therefore, we do not focus on details of
individual detector designs. Instead, we investigate the
necessary conditions which must be minimally satisfied in
advance in order to gain reasonable signal-to-background
ratios with idealized detector systems for given multiplic-
ities, collision species and energies in heavy-ion collisions.
For this purpose, we first give the estimates on the
production yields of light vector mesons and the other
hadrons producing di-electrons in the final state. They
are applied to p+p and A+A collisions at the RHIC and
LHC energy regime, in concrete, dNpi0+pi±/dy = 3, 6,
1000 and 2700 in p+p 200 GeV, p+p 7 TeV, Au+Au
200 GeV and Pb+Pb 5.5 TeV, respectively. We then
implement the key physical background processes in the
numerical simulation including the Dalitz decay and the
photon conversion as well as the semi-leptonic decay
of hadrons under the key experimental conditions: the
amount of the detector material, the charged pion con-
tamination, the geometrical acceptance, the electron tag-
ging efficiency, the measurable momentum cutoff and the
smearing effect by momentum resolution. These exper-
imental conditions are parameterized and implemented
into the simulation. The flowchart of the simulation is
explained in Section II. Starting from a set of the ideal-
ized baseline parameters, we explore the expected signal-
to-background ratios and the statistical significance as a
function of the individual experimental parameters for
given pion multiplicities in high-temperature states. The
results of the simulation study are provided in Section
III. The non-trivial residual effects, though some of them
depend on a specific detection system, are discussed in
Section IV. In Section V, we conclude that we can find
reasonable parameter ranges to measure the light vector
mesons via di-electrons even at dNpi0+pi±/dy = 2700.
II. NUMERICAL SIMULATION FOR
IDEALIZED DETECTION SYSTEMS
The numerical simulation is developed to estimate
the signal-to-background ratios and the statistical sig-
nificance of light vector mesons via di-electron decays
in heavy-ion collisions. Instead of directly simulating
the multi-particle production with detailed dynamics
in heavy-ion collisions, high multiplicity states are first
represented by the form of the total pion multiplicity
dNpi0+pi±/dy. The production of the relevant particles
other than pions is determined based on the individual
production cross sections relative to that of pions as a
function of the transverse momentum pT . They are eval-
uated by the measured data points, or the extrapolation
via the proper scaling for missing data points. In addi-
tion, the key experimental parameters for the di-electron
measurement are set as the inputs. As the idealized
baseline parameters on the experimental conditions, we
choose the following set of parameters:
1. photon conversion probability Pcnv: 1 %,
2. rejection factor of charged pions Rpi± , which is de-
fined by the inverse of the probability that charged
pions are identified as electrons: 500,
3. geometrical acceptance ǫacc: 100 %,
4. electron tagging efficiency ǫtag: 100 %,
5. transverse momentum threshold pthT : 0.1 GeV/c,
6. transverse momentum resolution σrefpT (we
quote the ALICE-TPC resolution [34]):√
(0.01 · pT )2 + (0.0056)2 GeV/c.
Some of experimental parameters are correlated in fact,
but these correlations are neglected in this simulation.
Figure 1 shows the flowchart of the numerical simula-
tion. The step (1) sets the input parameters above. In
the step (2), primary particles are generated with the
weights of the invariant pT spectra. The pT spectra are
provided by the experimental data and the proper scal-
ing for missing data. The details of the input pT spectra
for each are explained later. Rapidity y of a particle
is uniformly generated in |y| ≤ 0.5 [25, 35]. Primary
3FIG. 1: The flowchart of the numerical simulation.
particles branch into subsequent decay processes accord-
ing to their branching ratios. The branching ratios are
summarized in Table II of C. φ, ω and ρ mesons de-
cay into di-electrons through the two-body decay pro-
cess in the step (3). The phase space of di-electrons from
the light vector mesons is determined by the Gounaris-
Sakurai model [36]. π0 and η mesons branch into 2γ
or the Dalitz decay process (γe+e−) in the step (3) or
(4). The decaying γ’s are subsequently converted into
di-electrons with the given photon-conversion probability
in the step (5). Kinematics of di-electron in the photon-
conversion process, that is, energy and scattering angle,
are simulated by the well-established GEANT algorithm
[37–39]. All photon-conversion points are fixed to the
primary vertex points [83]. The phase space of Dalitz
decaying di-electrons is determined by the Kroll-Wada
formula [40, 41]. The detailed formula is expressed in D.
Charged kaons decay into electrons through the three-
body decay process in the step (6). In the step (7),
electrons and positrons from open charms are directly
generated to be consistent with the input pT spectra of
single electrons [84] as shown in Fig.2. They are ran-
domly generated in azimuth with the branching ratio of
9.5 % [46]. The correlation of a di-electron pair originat-
ing from the open charm production is neglected in this
simulation. The effect on the correlation is discussed in
Section IV. Charged pions are identified as electrons with
the given probability corresponding to the rejection fac-
tor of charge pions in the step (8). At the final stage of
the simulation, final-state electrons are filtered by the ge-
ometrical acceptance, the electron tagging efficiency and
pT threshold in the step (9). The algorithms of decaying
processes mentioned above are developed based on the
EXODUS simulator [47].
The main targets of this simulation are central Au+Au
collisions at
√
sNN = 200 GeV and central Pb+Pb colli-
sions at
√
sNN = 5.5 TeV. The results of p+p 200 GeV
and p+p 7 TeV simulations are used as the references.
The dNpi0+pi±/dy and the invariant pT spectra are ap-
plied to the simulation taking the given collision species
and energies into account. The input dNpi0+pi±/dy is esti-
mated by the measured dNch/dy [25–27]. dNpi0+pi±/dy =
3, 6 and 1000 are set for the simulation of p+p 200 GeV,
p+p 7 TeV and central Au+Au 200 GeV collisions, re-
spectively. For the simulation of central Pb+Pb 5.5 TeV
collisions, the dNpi0+pi±/dy is estimated by the extrapo-
lation of the scaling curve as a function of collision energy
[27]. The extrapolated dNpi0+pi±/dy corresponds to 2700.
The input pT spectra for the p+p 200 GeV simula-
tion are determined by the measured data points with
the fits in the panel (a) of Fig.2. The Tsallis function,
whose properties are explained in A, is used as the fitting
function.
The invariant pT spectra in central Au+Au collisions
are well known to be suppressed and scaled by the num-
ber of participant nucleons Npart in the high pT region.
The scaling parameter Npart is calculated by the Monte
Carlo simulation based on the Glauber model [48, 49].
The Npart scaling helps to extend the pT spectra in p+p
collisions to those in heavy-ion collisions, even if there
is lack of data points. Therefore we can determine the
input pT spectra in the wide range by combining the ex-
isting data points with the scaling properties. The panel
(b) of Fig.2 shows the data points and the scaling curves
in Au+Au 200 GeV at the centrality class of 0-10 %
[85]. The dotted curves are obtained by the Npart scal-
ing. The spectrum shape is assumed to be the same as
that of p+p 200 GeV. These curves are reasonably consis-
tent with the data points. The solid curves on the data
points of φ mesons, charged kaons and single electrons
from heavy flavor decays are obtained by directly fitting
with the Tsallis function. For charged kaons, the Tsallis
parameter q is fixed because of the missing data in the
high pT region.
The panel (c) of Fig.2 shows the invariant pT spectra
in p+p 7 TeV. The pT spectra of π
0, η, φ and single elec-
trons are determined by the data points and the fits. The
dotted curves show the pT spectra of the other hadrons.
The spectrum shape is estimated by themT scaling based
on the π0 data points, where mT =
√
p2T +m
2
0 and m0
is the rest mass of a particle. Their absolute production
cross sections are estimated by the inclusive ratios be-
tween pions and the other hadrons in p+p 200 GeV. The
invariant pT spectra in p+p 7 TeV are commonly used
for the simulations of p+p 7 TeV and Pb+Pb 5.5 TeV,
since the relative production cross sections between pi-
ons and the other hadrons are expected to be common for
both collision systems, as long as the particle production
between 7 TeV and 5.5 TeV has little dependence on the
collision energy.
Table I in B summarizes these production cross sec-
tions and inclusive yields over all pT ranges in p+p 200
GeV, p+p 7 TeV and Au+Au 200 GeV at the centrality
class of 0-10 %.
Figure 3 shows the simulated results of the pT spectra
for the final-state electrons from individual sources with
the baseline parameter set in p+p collisions at
√
s = 200
GeV, p+p collisions at
√
s = 7 TeV, central Au+Au colli-
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FIG. 2: (color online) (a) The differential cross sections of different particles in p+p 200 GeV. Tsallis fitting curves are depicted
as the solid curves on the data points. The solid curve on π0 → γγ [50] and (π+ + π−)/2 [51, 52] are obtained by the
simultaneous fitting. The curves on the data points of (K+ +K−)/2 [51, 52], K0s → π0π0 [53] and K0s → π+π− [54] are also
obtained by the simultaneous fitting. The star symbols show η → γγ [55] and η → π0π+π− [56]. The open diamonds show
ρ → π+π− [57]. The triangles show ω → e+e−, π0π+π− and π0γ [53]. The squares show φ → e+e− and K+K− [53]. The
asterisks show single electrons from heavy flavor decays [46]. (b) The invariant pT spectra in Au +Au 200 GeV at the centrality
class of 0-10%. The dotted curves are scaled by the Npart and assumed to be the same spectrum shape as that of p+p 200
GeV. The scaling curves are consistent with the data points of pions [58–60] , η [61] and ω [62], respectively. The solid curves
are the fitting results to the data points of K± [60], φ [63] and single electrons from heavy flavor decays [64]. For K±, the
Tsallis parameter q is fixed since there is no data point in the high pT region. (c) The differential cross section in p+p 7 TeV.
The data points of π0/η [65], φ [66] and single electrons from heavy flavor decays [67] are shown in this figure. Tsallis fitting
curves are depicted as the solid curves. The dotted curves of ρ, ω and K± are obtained by assuming the same spectrum shape
of π0 and normalizing the individual production ratios with respect to pions in p+p 200 GeV.
sions at
√
sNN = 200 GeV and central Pb+Pb collisions
at
√
sNN = 5.5 TeV, separately. The parents of elec-
trons are all indicated with different symbols specified
inside the plot.
Figure 4 shows the invariant mass distributions of di-
electron pairs with dNpi0+pi±/dy = 3, 6, 1000, and 2700,
respectively. The components from individual di-electron
sources are indicated with different types of curves in the
figure. The mass shapes of φ, ω and ρ characterize their
short lifetimes and show Breit-Wigner resonance peaks.
The invariant mass spectrum of photon-conversion pairs
obeys dynamics of the pair-creation process in materials.
The invariant mass spectrum of Dalitz decaying pairs
has a character whose leading edge is the summation
of masses of decay products and the distribution con-
tinues up to their parent masses. The mass spectrum
of cc¯ → e+e− is reconstructed by randomly pairing di-
electrons in azimuth.
The inclusive invariant mass spectra are shown in Fig.5.
The component of signal pairs, combinatorial background
pairs and all background pairs is superimposed in the
figures. The fraction of individual components depends
on the given multiplicities, collision species and energies.
The peaks of the light vector mesons are clearly seen at
the multiplicities in p+p collisions, but hardly seen above
dNpi0+pi±/dy = 1000, though the statistical significance
is not necessarily small. The quantitative evaluations of
the signal-to-background ratios and the statistical signif-
icance are discussed in the next section.
III. SIGNAL-TO-BACKGROUND RATIOS AND
THE STATISTICAL SIGNIFICANCE
The feasibility to measure φ/ω/ρ→ e+e− is evaluated
by the signal-to-background ratios and the statistical sig-
nificance in the signal mass region. The signal mass re-
gion for each meson is defined as the invariant mass range
of Mφ,ω,ρ ± 3 ×
√
Γ2φ,ω,ρ + σ
2
φ,ω,ρ, where Mφ,ω,ρ is the
mass center and Γφ,ω,ρ is the decay width. Mφ,ω,ρ and
Γφ,ω,ρ are cited from the particle data group [68]. The
mass resolutions σφ,ω,ρ are calculated by the single parti-
cle simulation [86] and result in 7.6, 5.7 and 5.6 MeV/c2
for φ, ω and ρ mesons, respectively.
Figure 6 and 7 show the signal-to-background ra-
tios S/B as a function of the experimental parame-
ters in central Au+Au collisions at
√
sNN = 200 GeV
(dNpi0+pi±/dy = 1000) and central Pb+Pb collisions at√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700), respectively.
Only one parameter is changed by fixing the other pa-
rameters at the baseline values: Pcnv = 1 %, Rpi± =
500, ǫacc = 100 %, ǫtag = 100 %, p
th
T = 0.1 GeV/c and
σrefpT =
√
(0.01 · pT )2 + (0.0056)2 GeV/c. The top-left
figure shows the S/B as a function of photon-conversion
probability Pcnv. The minimum amount of detector ma-
terials typically corresponds to Pcnv = 1-2 %, because
photon conversions from the beam pipe and the first
layer of the innermost detector are unavoidable in any de-
tector system, even though electron trajectories coming
from the off-axis point are rejected by tracking algorithm.
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FIG. 3: (color online) The transverse momentum spectra of final-state electrons and misidentified charged pions from individual
sources for the given dNpi0+pi±/dy with Pcnv = 1 %, Rpi± = 500, ǫacc = 100 %, ǫtag = 100 %, σ
ref
pT
=
√
(0.01 · pT )2 + (0.0056)2
GeV/c and without pT cutoff.
Thus the tendency below Pcnv = 10 % is important for
the detector system with typical amount of the materials.
The dependence on the rejection factor of charged pi-
ons Rpi± is shown in the top-right plot of Fig.6 and 7.
Typical devices for the electron identification have the
rejection factor of a few hundreds in the stand-alone op-
eration [23, 28, 69, 70], although it varies by the principle
of detection. Therefore, the information in the range of
Rpi± = 100-1000 are useful. The S/B can be changed by
a factor of 3-5 for φ/ω meson in this range.
The bottom-left figure shows the S/B as a function
of the azimuthal acceptance ǫacc. The S/B depends on
decay kinematics of the signal particles and the back-
grounds. Therefore the geometrical configuration in az-
imuthal coverage as well as the absolute acceptance in
azimuth should be taken into account. Two types of geo-
metrical configurations are considered in this simulation.
Type I simply covers the azimuthal range of 0 ≤ φ ≤ φ1.
Type II covers two separated domains which are symmet-
rically arranged in azimuth with respect to the collision
point, that is, the coverage is set to 0 ≤ φ ≤ φ1
2
and
π ≤ φ ≤ π+ φ1
2
. Both of them have the same total accep-
tance in azimuth with different geometry. The difference
between the two geometrical configurations increases in
the case of the imperfect coverage. If ǫacc is 40 %, for in-
stance, the S/B differs by a factor of 3-4 for φ/ω meson
depending on the detector geometry.
The statistical significance S/
√
S +B depends on the
square root of the number of events, in other words, de-
pends on available luminosity in experiments. Figure 8-
13 show the statistical significance as a function of the
experimental parameters in central Au+Au collisions at√
sNN = 200 GeV (dNpi0+pi±/dy = 1000) and in cen-
tral Pb+Pb collisions at
√
sNN = 5.5 TeV (dNpi0+pi±/dy
= 2700) for φ, ω and ρ meson, separately. The data
points and the empirical curves are shown as fulfilled
symbols and the solid curves in the figures. The number
of simulated events for central Au+Au collisions and cen-
tral Pb+Pb collisions corresponds to 5M and 1M events,
respectively. The other dotted curves show the scaled
curves with the square root of the expected number of
events with the highest centrality selection. The two hori-
zontal lines indicate S/
√
S +B = 3 and 5. The S/B is in-
dependent of the electron tagging efficiency ǫtag, whereas
the S/
√
S +B scales with the square root of the statis-
tics. Therefore we added the dependence on the ǫtag to
the bottom figure for the discussion on the statistical sig-
nificance.
Depending on the available statistics in the specific
collision centrality and the detector conditions, we can
evaluate whether a detection system is able to measure
the light vector mesons with a reasonable statistical sig-
nificance or not.
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FIG. 4: (color online) The invariant mass spectra of di-
electrons from individual sources for the given dNpi0+pi±/dy
with Pcnv = 1 %, Rpi± = 500, ǫacc = 100 %, ǫtag = 100
%, pthT = 0.1 GeV/c and σ
ref
pT
=
√
(0.01 · pT )2 + (0.0056)2
GeV/c. The mass spectra from individual origins are shown
with different curves specified inside the plot. The curves of
the combinatorial pairs are reconstructed by all combinations
between electrons and positrons but only true combinations
are excluded.
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FIG. 5: (color online) The inclusive mass spectra compared to
the components of signal pairs, all background pairs and com-
binatorial background pairs for the given dNpi0+pi±/dy with
Pcnv = 1 %, Rpi± = 500, ǫacc = 100 %, ǫtag = 100 %, p
th
T =
0.1 GeV/c and σrefpT =
√
(0.01 · pT )2 + (0.0056)2 GeV/c. The
simulated number of events for each collision system is shown
inside the plot.
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ters Pcnv, Rpi± and ǫacc in central Au+Au collisions at
√
sNN
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changed by fixing the other parameters at the baseline values
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imuthal coverage of 0 ≤ φ ≤ φ1. Type II shows two separated
coverages of 0 ≤ φ ≤ φ1
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and π ≤ φ ≤ π + φ1
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FIG. 7: (color online) The signal-to-background ratio S/B
of φ, ω and ρ meson as a function of the experimental pa-
rameters Pcnv, Rpi± and ǫacc in central Pb+Pb collisions at√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700). Only one parame-
ter is changed by fixing the other parameters at the baseline
values for each plot. Type I of the bottom figure shows the az-
imuthal coverage of 0 ≤ φ ≤ φ1. Type II shows two separated
coverages of 0 ≤ φ ≤ φ1
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and π ≤ φ ≤ π + φ1
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FIG. 8: (color online) The statistical significance S/
√
S +B of φ mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Au+Au collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy = 1000). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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FIG. 9: (color online) The statistical significance S/
√
S +B of ω mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Au+Au collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy = 1000). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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FIG. 10: (color online) The statistical significance S/
√
S +B of ρ mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Au+Au collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy = 1000). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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FIG. 11: (color online) The statistical significance S/
√
S +B of φ mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Pb+Pb collisions at
√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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FIG. 12: (color online) The statistical significance S/
√
S +B of ω mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Pb+Pb collisions at
√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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FIG. 13: (color online) The statistical significance S/
√
S +B of ρ mesons as a function of the experimental parameters Pcnv ,
Rpi± , ǫacc and ǫtag in central Pb+Pb collisions at
√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700). Only one parameter is changed by
fixing the other parameters at the baseline values for each plot. The results of the simulation are shown as the symbols and the
empirical curves are superimposed on the data points as the solid curves. The other dotted curves are the scaled curves with
the square root of the expected number of events found in the highest centrality class. Two horizontal lines indicate S/
√
S +B
= 3 and 5.
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IV. RESIDUAL EFFECTS
The signal-to-background ratios and the statistical sig-
nificance of the light vector mesons are evaluated with
the idealized detection system so far. In this section,
we discuss the non-trivial aspects originating from the
real data analysis and the correlations in the open charm
production. As the other issues beyond the scope of the
numerical simulation, we mention the track reconstruc-
tion algorithm bias, the correlation between the electron
identification and the rejection of charged hadrons, and
the fiducial effect on the acceptance to charged particles
in the magnetic field. The studies of this section are per-
formed by simulating 5 M events in Au+Au 200 GeV and
Pb+Pb 5.5 TeV with the baseline parameters set: Pcnv
= 1 %, Rpi± = 500, ǫacc = 100 %, ǫtag = 100 %, p
th
T =
0.1 GeV/c and σrefpT =
√
(0.01 · pT )2 + (0.0056)2 GeV/c.
The numerical simulation so far is performed under
the assumption that we know the exact number of sig-
nals and backgrounds. In the real data analysis, however,
the source of any electron cannot be identified. There-
fore all electrons and positrons are combined into pairs
and reconstructed into the invariant mass. The mass
distribution of pairs from one source (”true pairs”) is ex-
tracted by subtracting that of pairs from different source
(”combinatorial pairs”) statistically. The mass shape of
combinatorial pairs is estimated by mixing an electron
in an event and a positron in another event (”event mix-
ing”) [71, 72]. The mass distribution of event-mixing
pairs is normalized by 2
√
N++N−−/N
mix
+− , where N++,
N−− and N
mix
+− are the numbers of positron-positron
pairs, electron-electron pairs and event-mixing electron-
positron pairs, respectively. This normalization factor
is valid as long as electrons and positrons are produced
as pairs and they have the same acceptance [1]. The
mass distribution of true pairs includes the light vec-
tor mesons and the other sources. The contributions
from the light vector mesons and the background sources
are separately estimated by the fits based on the linear
combination between the Breit-Wigner function convo-
luted with the Gauss function and an empirical function.
We apply a series of procedures used in the real data
analysis to the simulated data and evaluate how much
the signal-to-background ratios change by applying these
procedures. The top plots of Fig.14 show the compari-
son of the invariant mass spectra between the combina-
torial pairs and the event-mixing pairs. The comparison
is performed in central Au+Au collisions at
√
sNN = 200
GeV (dNpi0+pi±/dy = 1000) and central Pb+Pb collisions
at
√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700), respectively.
The ratio between the number of combinatorial pairs and
that of event-mixing ones is close to unity within a few %
of statistical fluctuations below the mass of 1.0 GeV/c2
in both collision systems as shown in the middle plots of
Fig.14. Therefore the event-mixing pairs in the real data
analysis can provide the reliable baseline representing the
combinatorial pairs which is known only at the simula-
tion study [87]. The bottom plots of Fig.14 show the
invariant mass distribution after subtracting the event-
mixing distribution. The linear combination between the
Breit-Wigner function convoluted with the Gauss func-
tion and a first-order polynomial function is used as the
fitting function. In the mass range of φ meson, we use
dNe+e−
dMe+e−
= A
∫
Fφ (M
′)Ggauss (Me+e− −M ′) dM ′
+Hbg (Me+e−) . (1)
In the mass range of ω/ρ meson, we use
dNe+e−
dMe+e−
= A
∫
{RFω (M ′) + (1−R)Fρ (M ′)}
Ggauss (Me+e− −M ′) dM ′ +Hbg (Me+e−) ,
R =
NωBR (ω → e+e−)
NωBR (ω → e+e−) +NρBR (ρ→ e+e−) , (2)
where Nω and Nρ are the inclusive yields of ω and ρ
meson, respectively. The absolute values of the inclusive
yields are fixed to the measured values listed in Table I of
B. BR (ω → e+e−) and BR (ρ→ e+e−) are the branch-
ing ratios to a di-electron for ω and ρ meson, respec-
tively. Fφ,ω,ρ (M
′) in Eq.(1) and (2) indicate the Breit-
Wigner function describing the intrinsic mass spectra of
the light vector mesons and Ggauss (Me+e− −M ′) shows
the Gauss function expressing the smearing effect caused
by the transverse momentum resolution. The residual
backgrounds are assumed to follow a first-order poly-
nomial function Hbg (Me+e−). These functions are ex-
pressed as
Fφ,ω,ρ (M
′) =
Γφ,ω,ρ/2π
(M ′ −Mφ,ω,ρ)2 + (Γφ,ω,ρ/2)2
, (3)
Ggauss (Me+e− −M ′) =
1√
2πσ
e−(Me+e−−M
′)2/2σ2 , (4)
Hbg (Me+e−) = BMe+e− + C, (5)
where the mass centerMφ,ω,ρ and the width Γφ,ω,ρ of the
light vector mesons are fixed to their intrinsic values [68],
whereas the mass resolution σ is a free parameter. A, B
and C in the equations are normalization factors. The
fitting ranges are from 0.9 to 1.2 GeV/c2 for φ meson
and from 0.6 to 0.9 GeV/c2 for ω/ρ meson. The number
of the light vector mesons is counted by the integration
of the convolution function over the signal mass region.
The definition of the signal mass region is mentioned in
Section III. The signal-to-background ratios estimated
by fitting are 8.4 × 10−2, 2.0 × 10−2 and 4.1 × 10−4
for φ, ω and ρ mesons, respectively, in central Au+Au
collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy = 1000)
with the baseline parameter set. The differences of the
signal-to-background ratios are 4.9 % (φ), 7.4 % (ω) and
15
8.8 % (ρ) compared to those by the simple counting of
the simulated true pairs. In central Pb+Pb collisions at√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700), The signal-to-
background ratios are 1.7 × 10−2, 6.7 × 10−3 and 1.7
× 10−4 for φ, ω and ρ mesons, respectively. They corre-
spond to 3.2 % (φ), 12.1 % (ω) and 14.3 % (ρ) differences
with respect to the case of the simple counting of the
simulated true pairs. The differences depend on the ex-
perimental parameters. It is unlikely for them to exceed
50 % at a realistic range of the experimental parameters
[88].
Electrons and positrons from open charms are ran-
domly generated and combined into pairs in this simula-
tion. These pairs are, in fact, azimuthally correlated at
mid-rapidity, because they originate from the jets due to
the large mass of charm quarks. We assume the back-to-
back e+e− correlation in azimuth as the extreme case of
the open charm production. Realistic correlations would
exist between the random pairing case and the back-to-
back correlated case. The top plots in Fig.15 show the
invariant mass spectra reconstructed from all true pairs,
combinatorial pairs and cc¯→ e+e−, respectively, in cen-
tral Au+Au collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy
= 1000) on the left and in central Pb+Pb collisions at√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700) on the right.
The distributions of the random di-electron pairs and
the back-to-back correlated ones in azimuth are superim-
posed in the same plot. The middle plots show the ratio
of the number of cc¯ → e+e− as a function of the invari-
ant mass. The denominator is the number of di-electrons
with random pairing and the numerator is the number of
di-electrons with the back-to-back correlation. This ratio
varies by a factor of 1.5 to 3 around the mass range of
the light vector mesons. The ratio between the number
of combinatorial pairs in the random pairing case and
in the back-to-back correlated case is consistent within
only a few % in both collision systems as shown in the
bottom figures. Therefore the correlation of the cc¯ pro-
duction has little influence on the signal-to-background
ratios of the light vector mesons.
In addition to above issues, the other residual effects,
which are beyond the scope of this study, are listed below.
• Track reconstruction algorithms bias: Track recon-
struction algorithms can bias momentum measure-
ment of charged particles. For example, the al-
gorithm based on the combinatorial Hough trans-
form technique [73–75] reconstructs higher momen-
tum than true one, especially for a charged parti-
cle producing from the off-axis point. The photon-
conversion electrons at the off-axis point contribute
to the background shape in the relatively higher
mass region. In addition, especially under a high
multiplicity environment, fake tracks are recon-
structed by chance depending on the algorithms.
These tracks can contribute as the additional back-
grounds.
• The correlation between the tagging efficiency
of electrons and the rejection factor of charged
hadrons: The correlation between the electron tag-
ging efficiency and the rejection factor of charged
hadrons depends on the method of particle iden-
tification. For instance, if particles are identified
by dE/dx, the correlation has a trade-off relation.
Another example is the degradation by the situ-
ation where a number of particles simultaneously
pass through the detector. If a hadron and an elec-
tron enter the same area of the electron identifica-
tion device, either or both of them can be wrongly
identified. In more general case, complicated cor-
relations may appear, since particles are identified
with a combination of multiple devices.
• The fiducial effect in the magnetic field: This sim-
ulation considers the detector acceptance under
the assumption that di-electron kinematics is com-
pletely reconstructed. In real experiments, charged
particles are bent in the magnetic field and entered
into the imperfect coverage of the detectors. The
fiducial effect becomes apparent at the edge of the
acceptance. Therefore the inefficiency of the elec-
tron detection should be taken into account as a
function of the magnetic field, the detector posi-
tions from the collision point and the detector con-
figurations.
Nevertheless, our simulation study would provide a useful
guideline to evaluate the effect of the non-residual factors
on measurability of the light vector mesons.
V. CONCLUSION
This paper provides a guideline to evaluate the mini-
mum requirements in order for a given idealized detection
system to achieve reasonable statistical significance for
the measurement of light vector mesons via di-electron
decays in different temperature states, dNpi0+pi±/dy =
1000 and 2700 intended for the most central Au+Au col-
lisions at
√
sNN = 200 GeV and the most central Pb+Pb
collisions at
√
sNN = 5.5 TeV, respectively. The simula-
tion codes used for this study are openly available [76].
The results suggest that parameter ranges for the mea-
surement of φ and ω mesons are selectable in designing
a detector system depending on the number of events at
the highest centrality class, even if the residual effects
caused by the procedure of the real data analysis and
the correlations in the open charm production are con-
sidered. The statistical significance of ρ mesons is less
than that of φ and ω mesons due to its broad mass shape
and the limited mass resolution, even if sufficiently high
luminosity is prospected. However, the mass spectrum
of ρ mesons in the vacuum can be indirectly evaluated
as long as φ and ω mesons spectra are accurately deter-
mined. This would provide the baseline to understand
the properties of the low-mass di-electron continuum.
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FIG. 14: (color online) The invariant mass spectra in central Au+Au collisions at
√
sNN = 200 GeV (dNpi0+pi±/dy = 1000) and
central Pb+Pb collisions at
√
sNN = 5.5 TeV (dNpi0+pi±/dy = 2700) with Pcnv = 1 %, Rpi± = 500, ǫacc = 100 %, ǫtag = 100
%, pthT = 0.1 GeV/c and σ
ref
pT
=
√
(0.01 · pT )2 + (0.0056)2 GeV/c. The open symbols in top two figures show all reconstructed
pairs. The closed circles show the event-mixing pairs after normalizing by 2
√
N++N−−/N
mix
+− . The solid curves show the
combinatorial pairs. The ratio between the number of event-mixing pairs and that of combinatorial pairs is shown as a function
of the invariant mass in the middle two figures. The bottom two figures show the invariant mass distributions after subtracting
the combinatorial backgrounds. The solid curves are the fitting results by the linear combination of the Breit-Wigner function
convoluted with the Gauss function and a first-order polynomial function. Each dotted curve is obtained by the fitting results
and shows the components of the light vector mesons and the residual background sources. The squares, triangles and diamonds
show the invariant mass of the true di-electron pairs decaying from the light vector mesons.
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FIG. 15: (color online) The comparison of the invariant mass spectra for different correlations of di-electrons from charm
quarks. The panel (a) and (b) on the top figures show the invariant mass spectra in cases of random di-electron pairs and
back-to-back correlated di-electron ones in azimuth, respectively. The middle figures show the ratio between the number of
cc¯→ e+e− in the random pairing case and in the back-to-back correlated one. The bottom figures show the ratio between the
number of combinatorial pairs in the random pairing case and in the back-to-back correlated one.
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Appendix A: Tsallis function and particle
production
The Tsallis function [77] is widely used for explaining
the properties of particle productions. At midrapidity,
the total energy of each particle is approximately repre-
sented by the transverse mass mT =
√
p2T +m
2
0, where
m0 is the rest mass of a particle. The Tsallis function is
formulated as a function of mT as follows,
E
d3σ
dp3
=
1
2π
dσ
dy
(n− 1) (n− 2)
(nT +m0 (n− 1)) (nT +m0)(
nT +mT
nT +m0
)−n
, (A1)
where n = −1/ (1− q), and dσ/dy is the production cross
section over all pT ranges at midrapidity. Equation (A1)
simultaneously represents the power-law behavior at high
pT and the exponential behavior at low pT by the two
parameters q and T .
In the limit of m0 → 0, Eq.(A1) becomes
E
d3σ
dp3
=
1
2π
dσ
dy
(n− 1) (n− 2)
(nT )
2
(
1 +
mT
nT
)−n
. (A2)
Equation (A2) is similar to the pQCD expression by
Hagedron [78]. The parameter n is directly related to
the exponent k of the pure power-law shape of pQCD
calculations. The relation between n and k is expressed
as
n =
km2T
p2T − kTmT
. (A3)
In the limit of m0 → 0 and q → 1 (i.e. n→ −∞), Eq.
(A1) becomes
E
d3σ
dp3
= Ae−mT /T , (A4)
where A is a normalization factor. Equation (A4) is
equivalent to the Boltzmann distribution. The slope pa-
rameter T characterizes the thermal production of parti-
cles.
Appendix B: The production cross sections and the
inclusive yields over all pT ranges at midrapidity
p+p 200 GeV Au+Au 200 GeV p+p 7 TeV
(0-10%)
Particle dσ/dy(mb) Ref. dN/dy Ref. dσ/dy(mb) Ref.
φ 0.41 [53] 5.8 [63] 1.97 [66]
ω 4.3 [53] 33.3 [62] 17.7
ρ 7.4 [57] 57.3 30.4
π0 43.5 [50] 336.8 [58, 59] 178.7 [65]
π+/π− 43.5 [51, 52] 336.8 [60] 178.7
η 5.1 [55, 56] 39.5 [61] 15.7 [65]
K+/K− 4.0 [51, 52] 44.7 [60] 16.4
K0s 4.0 [53, 54]
cc¯ 0.18 [46] 4.4 [64] 1.48 [67]
TABLE I: The production cross sections and the inclusive
yields over all pT ranges at midrapidity for different collision
systems. The used data points to calculate the production
cross sections and the inclusive yields are cited from the pub-
lications listed in the second column for each collision system.
The production cross section of single electrons is obtained by
the Tsallis fit to the measured data points and converted into
the cc¯ cross section with the branching ratio of 9.5 % [46]. The
production cross sections of the other particles are obtained
by fitting to the measured data points with the Tsallis func-
tion, or assuming the proper scaling for missing data points.
The details are explained in Section II. The errors of the pro-
duction cross sections and the inclusive yields are expected to
be from 10 to 30 % depending on particles. These errors are
neglected in the simulation.
Appendix C: Masses, decay products and branching
ratios
Particle Mass (GeV/c2) Decay products Branching ratio
φ 1.01946 e+e− 2.954 × 10−4
ω 0.78265 e+e− 7.28 × 10−5
ρ 0.77549 e+e− 4.72 × 10−5
π0 0.13498 γγ 0.98823
γe+e− 0.01174
η 0.54785 γγ 0.03931
γe+e− 7.0 × 10−3
π+ 0.13957 N/A N/A
π− 0.13957 N/A N/A
K+ 0.49368 e+π0νe 0.0507
K− 0.49368 e−π0ν¯e 0.0507
cc¯ N/A e+e− 0.095
TABLE II: Masses, decay products and branching ratios of
the light vector mesons and the other background particles.
Masses and branching ratios are cited from the particle data
group [68]. The branching ratio of c→ e is assumed to be 9.5
% [46].
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Appendix D: Dalitz decays of pseudo-scalar mesons
Pseudo-scalar mesons such as π0 and η mesons mainly
decay into two photons. The Dalitz decay corresponds to
the case where photons become off-shell and subsequently
decay into di-electrons. The relation between 2 γ decay
process (P → γγ) and the Dalitz decay process (P →
γe+e−) is described by Kroll-Wada formula [40, 41] as
follows,
dΓ(P → e+e−γ)
dMe+e−
∝
√
1− 4m
2
e
M2e+e−
(
1 +
2m2e
M2e+e−
)
1
Me+e−
S (Me+e−) Γ(P → γγ),
S (Me+e−) = |FP (Q2)|2
(
1− M
2
e+e−
m2P
)3
,
FP
(
Q2
)
=
(
1− Q
2
Λ2P
)−1
, (D1)
where Me+e− is the invariant mass of di-electrons, me is
the rest mass of electron and mP is the rest mass of a
parent meson. FP
(
Q2
)
is the electro-magnetic transition
form factor. Q2 is equivalent to the square of the virtual
photon mass (i.e. Q =Me+e−). The measurements of the
form factor by the experiments [79, 80] show ΛP ≃ Mρ,
where Mρ is the rest mass of ρ meson. The Kroll-Wada
formula determines the branching ratio and the phase
space of Dalitz decaying di-electron.
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tor materials. They should be considered in association
with the track reconstruction algorithms. The biases from
photon-conversion electrons at the off-axis point are dis-
cussed in Section IV.
[84] The pT spectrum of single electrons originates from
not only charm quarks but also beauty quarks. The
contributions from them are calculated by the fixed-
order-plus-next-to-leading-log perturbative QCD calcu-
lation (FONLL) [42] and its calculation is compared
to the measurements [43–45]. The results suggest that
Nb→e/ (Nc→e +Nb→e) is smaller than 0.2 at pT ≤ 2.0
GeV/c in p+p 200 GeV and Nb→e/Nc→e are smaller
than 0.3 at pT ≤ 2.0 GeV/c in p+p 7 TeV, where Nb→e
and Nc→e is the number of electrons from beauty quarks
and charm quarks, respectively. These ratios tend to drop
rapidly as the pT reduces. Therefore we neglect the con-
tributions from beauty quarks in the calculation of par-
ticle production and decay kinematics in this simulation.
[85] We use the published data points of π± and K± at the
centrality class of 0-5 % and those of ω at the centrality
class of 0-20 %. The mismatch of the centrality class is
corrected by the weights with the Npart. The corrected
data points, which are equivalent to the data at the cen-
trality class of 0-10 %, are used for the comparison to the
scaling curves in the panel (b) of Fig.2.
[86] The mass resolutions are calculated as follows. φ, ω and
ρ mesons are singly generated under the condition that
their mass widths are set at zero, respectively. The mass
distributions fluctuate around individual mass centers
due to only the transverse momentum resolution σrefpT .
The mass resolutions σφ,ω,ρ are estimated by the fits with
the Gauss function.
[87] We note that the normalization factor of
2
√
N++N−−/N
mix
+− overestimates the combinatorial
backgrounds by 0.05-0.3 %. For instance, if a detection
system has large amount of materials (i.e. Pcnv is
high) or has a poor capability of hadron rejection (i.e.
Rpi± is low), this estimation excessively subtracts the
backgrounds.
[88] The differences of the signal-to-background ratios be-
tween the estimation with the fit and the counting of
the simulated true pairs originate from the background
shape mainly depending on the subtraction of the com-
binatorial background. The differences are studied at the
experimental parameter range of 1 < Pcnv < 5 % or 100
< Rpi± < 500 and result in ∼ 20 % for the three mesons
in both collision systems.
